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connection point of the wind farm on the resonance frequency has also been studied in [3] . In [4] , the harmonic resonances associated with a large wind farm were analyzed with considering the capacitance of the capacitor banks and cables that are part of the wind farm.
In this paper, we will briefly introduce the basic theory of harmonic resonances. The modeling of wind farm for resonances analysis is discussed, in which the inductance from wind turbine generators and turbine transformers has been taken into account as well as the capacitance from capacitor banks and cables. The impacts of harmonic resonances are studied by calculating amplifications of harmonic voltage and harmonic current with both an analytical method and a simulation method. The power-system analysis software DIgSILENT PowerFactory 14.0 has been used here as the simulation tool. Case studies have been carried out on a gridconnected wind farm containing 100 wind turbines. The influence of different operational modes on the resonances has also been studied.
The paper is structured as follows. In Section II, the harmonic resonances are briefly introduced. The model of a wind farm is presented for harmonic resonance analysis in Section III. Section IV discusses the parallel resonance and series resonance involved with a wind farm. In Section V, case studies are shown with detailed results and discussion. Conclusions are summarized in Section VI.
II. HARMONIC RESONANCES
Normally, the most severe harmonics appears at the terminals of polluting elements and their amplitude reduces with the increase of distance from its source. However, the resonances due to the presence of capacitive equipments can lead to amplification of harmonic levels where the highest levels occur elsewhere in the system than close to the source of distortion. Two types of resonance should be studied in depth: parallel resonance and series resonance.
A. Parallel resonance
Parallel resonance is associated with high impededance at resonance frequency which results in increased voltage distortion and high harmonic currents [5] . It may occur when a harmonic current source connects to the electrical components which can be simplified to be a parallel combination of a capacitive component and an inductive component as shown in Fig. 1 A typical example is a medium-voltage substation where the capacitance is formed by a capacitor bank and the inductance by the transformer feeding in from a higher voltage level. When the resistances are neglected, the impedance seen by the harmonic source is as follows.
At the resonance frequency, f rp , this impedance becomes infinite. 1
As the harmonic source is mainly a current source, high harmonic voltage occurs, and the harmonic current will be amplified to be an infinite value in the capacitive branch as shown in (4). 
However, the resistance is always presented in a real system. Hence, the impedance will not become infinite but will instead be limited by the resistance. Even though the resistances have slight influence on the resonance frequency, they are the main determining factor for the impedance and amplification close to the resonance frequency. The Fig. 2 shows impacts of transformer resistance and load resistance on the impedance at different harmonic orders, respectively. The curves are obtained with a system, in which a 70 kV network with fault level of 1850 MVA is supplied by a 70/20 kV transformer with fault level of 167 MVA. The total capacitance from capacitor banks and cables is 6.12 Mvar. The resistance of transformer is assumed to be linearly proportional to the frequency, while the load resistance is assumed to keep a constant value at any frequency.
The top figure shows the impact of the transformer resistance on the impedance seen by the distorting load. At the resonance frequency (harmonic order 5.1) the impedance increases linearly with the X/R ratio. For integer harmonic orders, not at the resonance frequency, the impedance remains constant beyond a certain X/R ratio.
The bottom figure shows the impact of the amount of resistive load; increasing amount of resistive load reduces the harmonic impedance with the impact being biggest at the resonance frequency. 
B. Series resonance
Series resonance leads to low impedance at the resonance frequency which results in high current and a high voltage distortion even at locations where there is no or little harmonic emission [5] . It occurs when the local capacitance is in resonance with that connects the local bus to a remote bus with a high harmonic voltage. An equivalent circuit for series resonance is shown as in Fig. 3 . When the resistances are neglected, the voltage U h at local bus can be calculated from the voltage E h at the remote bus by using (5) .
At the resonance frequency, f rp , this voltage becomes infinite. 1
Where C is the total capacitance connected to the local bus, L is the inductance between local bus and remote bus, h is the harmonic order. Similarly, when the resistances are taken into account, the resonance order will not change noticeably, but the amplification of the voltage distortion will become a finite value. The influences of transformer resistance and load resistance on the amplification of voltage distortion are shown in the Fig. 4 . The impact of transformer X/R ratio and the amount of resistive load connected to the local bus is very similar to the impact on the impedance for a parallel resonance as shown in the previous section.
III. MODELING WIND FARM FOR RESONANCE ANALYSIS
When a wind farm is integrated into the power system, the step-up transformers and capacitor banks are added as well as the cables for collecting power, as shown in Fig. 5 . These additional inductive and capacitive equipments will produce new harmonic resonance or change the resonance frequencies of existing harmonic resonances. To be able to calculate the resonance frequency and the amplitude of the impedance or amplification, it is important to accurately model the various power-system components. 
A. Wind turbine generators
The induction machine is used in most of the wind turbine generators as their electrical part. Based on the equivalent circuit of an induction machine for harmonic analysis, as has also been used in [4] , a simplified equivalent circuit for harmonic resonance study is proposed as shown in Fig. 6 . In the circuit diagram R s and R r are the stator resistance and rotor resistance, while X s and X r are the stator leakage reactance and rotor leakage reactance; X m refers to the magnetizing reactance. 
B. Collection system
The Collecting system for a wind farm contains mediumvoltage (MV) cables, high-voltage (HV) overhead lines and transformers. The cables can be modeled as an equivalent capacitor, while the overhead lines and transformers can be modeled as a series combination of equivalent inductor and resistance. Both capacitance and inductance can be assumed frequency independent. The frequency dependency of the resistance should be considered in the calculations. Where possible this relation should be obtained from detailed calculations. This is however not always practical; further may the uncertainty in the estimated amount of resistive load dominate the uncertainty in the results. Therefore simplified expressions are often used, which we will discuss in the next section.
C. Wind Farm
Based on the equivalent circuits of the components in the wind farm, the grid-connected wind farm in Fig. 5 can be modeled as an equivalent circuit shown in Fig. 7 , where the magnetizing reactance of induction machine is neglected. As for the simulation, the resistance for different components can be modeled separately by associating a "frequency characteristic" to these quantities, according to their frequency dependent characteristics [6] . This characteristic is defined by a polynomial formula as (7).
The resulting value of the resistance is obtained by: 
IV. HARMONIC RESONANCES DUE TO A WIND FARM
Seen from the Fig. 6 , the series resonance may occur at the HV substation, while the parallel resonance may occur at the MV substation.
A. Series resonance
The aim to study series resonance at the HV substation is to obtain the voltage distortion in the MV substation, which is caused by harmonics from voltage harmonic source on the HV substation at resonance frequency. This voltage distortion might damage the electrical equipment installed in the MV substation, such as capacitor banks. The high harmonic currents through the transformer may also result in overheating of the transformer or cause an unwanted trip of the transformer protection.
To identify the series resonance frequency is to find the minimum impedance value at the HV substation. According to the equivalent circuit in Fig. 7 , the impedance at the HV bus is:
So the series resonance occurs at the frequency where the impedance seen from the HV bus reaches its minimum absolute value. The amplification of voltage distortion at the MV substation can also be obtained by using (11) as follows.
The resonance frequency can also be defined as the frequency at which the amplification is highest. This is not the same frequency as the one at which the impedance seen from the HV substation is lowest, but the two frequencies are close.
B. Parallel resonance
When the current sources connected at the MV bus emits a harmonic current close to parallel resonance frequency, a large voltage distortion will be produced on the MV substation, which leads to a large harmonic current through the capacitor banks.
As shown in the Fig. 7 , the impedance seen from the MV bus is:
The parallel resonance occurs at the frequency where the impedance seen from the MV bus reaches its maximum absolute value. And the amplification of the harmonic current flow in the capacitor banks can also be obtained by using (13) as follows.
V. CASE STUDIES Several cases have been studied to illustrate the harmonic resonance problems brought by a grid-connected wind farm. The wind farm used for the studies is based on the example presented in [4] : it consists of 100 wind turbines with rated power of 2 MW and terminal voltage of 690 V each. 100 turbine transformers and underground cables of 34.5 kV are used to connect the wind turbines to the MV substation. A total of 72 Mvar capacitor banks, which is switchable in steps of 12 Mvar, are also installed in the MV substation. The power from wind farm substation is transmitted to the main grid through two 115/34.5 kV transformers and two parallel 115 kV overhead lines.
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The 100 wind turbines are assumed to be located in 10 rows and 10 columns, as shown in Fig. 8 . The wind farm substation is in the center place with a vertical distance of 500 m to the centre of first row. In order to decrease the wake effect, the distance between two rows is 320 m, while the distance between two columns is 640 m. Therefore, the total length of the underground cables is about 45.9 km, which accounts for a total capacitance equivalent to 4.29 Mvar. Capacitor bank.. Fig. 9 Modeling of a grid-connected wind farm in PowerFactory
Substation tra
The resonance order can be obtained by processing the frequency sweep. The simulation results when none or all capacitor banks are connected (72 Mvar) are shown in the Fig.  10(a) and 10(b) , where in both cases the upper curve is the impedance at the HV bus and the lower one is the impedance at the MV bus. Without capacitors connected, resonances occur around harmonic order 20 (1 kHz), whereas the resonance frequency goes down to below 300 Hz when all 72 MVA of capacitor banks is connected. Seen from the MV bus only a series resonance is visible, which will cause an increased voltage distortion due to emission by the wind turbines. This is normally of minor concern, but it is worth checking in all cases. Seen from the HV bus both a series and a parallel resonance are visible; the concern is with the series resonance (the low impedance value), as explained in Section II.
The resonance orders for different amounts of capacitance connected are listed in the Table II . There is little difference between simulation results and calculations. The different treating methods for resistances of the electrical components do not affect the resonance order significantly, for the resistances are rather small compared to the reactance. The resonance frequencies vary a lot with different amounts of capacitance connected to the MV bus.
The parallel resonances at the high voltage side of the 10 turbine transformers in the first column have also been analyzed by simulation, when the capacity of capacitor banks is 72 Mvar. The results are shown in Table III , which indicate that the cable is not the main factor of impacting the harmonic resonances. The operation modes of overhead lines and substation transformers are changed to study their influences on the series resonance. When series resonance occurs, the voltage distortion might be amplified at the MV bus. The 5 th and 7 th harmonics are regarded as the dominant harmonics in most transmission system. These harmonics originate from domestic and commercial customers [5] . So the amplifications of voltage distortion with 5 th and 7 th harmonics are calculated as well as the resonance orders with different capacity of capacitor banks, based on the simulation results. The simulation results are shown in the Table IV to Table VI. In all three cases the amplification is highest at the resonance frequency. This could be a problem with high levels of interharmonics being presented in the transmission system or when a power-line communication signal has a frequency close to the resonance frequency. The amplification at the resonance frequency is more than a factor five in all cases.
A more general concern is the amplification at the fifth and seventh harmonic, because these frequencies are always presented in the transmission system. Here we see that the amplification varies strongly based on the operational state. With both lines and both transformers in operation, the seventh harmonic may be amplified up to three times when 36 or 48 Mvar of capacitance in connected. For 72 Mvar of capacitance, the fifth harmonic is amplified by a factor of 1.8. When one line or one transformer is out of operation, the maximum amplification increases for both the 5th and the 7th harmonics.
VI. CONCLUSIONS
Harmonic resonance analysis is a vital part in the planning and operation of grid-connected wind farms. The added capacitive components and inductive components might lead to harmonic resonances around 5 th and 7 th harmonics. This may results in high voltage distortion at the bus where the capacitor banks are installed. The resonance analyses with different capacity of capacitor banks and operation modes have been studied by calculation and simulation. The results indicate that the resistances have only a minor effect on resonance orders but significant effect on the amplification of voltage distortion. The amount of capacitor banks connected is the essential influencing factor for harmonic resonances. Harmonic filters are needed in certain operation scenarios, which will be an emphasis of the further research.
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